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β-YbAlB4 is the first Yb-based heavy fermion supercon-
ductor with Tc = 80 mK. We measured low tempera-
ture magnetization of high-purity single crystals down to
T = 25 mK. The measurements have revealed a consid-
erable amount of volume fractions of the superconduc-
tivity and the upper critical field Bc2 curve under field
along the c axis, consistent with the previous results.
In the normal state, the previously observed divergent
behavior in the temperature dependence of the magneti-
zation has been confirmed using higher quality samples
and under a low field of 22 mT. In addition, the mea-
surements have revealed a power law behavior, namely,
dM/dT ∝ T 3/2, which has a slightly higher exponent
than the previous results.
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1 Introduction Heavy fermion (HF) systems have
attracted much interest as prototypical systems to study
unconventional superconductivity and non-Fermi-liquid
(NFL) states [1,2,3,4,5,6]. In fact, a number of unconven-
tional superconductors have been found in Ce (4f1) based
intermetallic HF systems near a quantum critical point [1,
3,5]. On the other hand, our recent studies have revealed
the first Yb (4f13) based HF superconductivity with the
transition temperature Tc = 80 mK in the new compound
β-YbAlB4 [7,8]. This is a strongly type-II heavy fermion
superconductor in the clean limit. Upper critical fields are
anisotropic, and strongly suppressed for the field along the
c-axis, possibly because of the paramagnetic effect due to
the divergent c-axis susceptibility. Strong sensitivity of Tc
to sample purity suggests that the superconductivity is of
an unconventional, non-s-wave type.
Interestingly, pronounced NFL behaviors appear above
Tc in the transport and thermodynamic properties [7]. Fur-
thermore, the magnetic field dependence of the NFL be-
haviors indicates that the system is a rare example of a
pure metal that displays quantum criticality without exter-
nal tuning, i.e. without doping, applied pressure and mag-
netic field [7].
The Fermi surfaces (FS) topology has been also stud-
ied by quantum oscillation measurements [9]. It has re-
vealed three dimensional multi-FS of f -electrons which
are roughly consistent with the band calculations [9,10].
The bulk-sensitive hard x-ray photoemission spectroscopy
measurements [11] have clarified an intermediate Yb-
valence of 2.745. Whether the valence fluctuation is rel-
evant for the mechanism of the quantum criticality and
superconductivity is an interesting open question.
In order to study the quantum criticality, detailed mea-
surements of the basic thermodynamics are important.
Here, we present the results of the low temperature mag-
netization measurements using a high sensitive SQUID
magnetometer and high-purity single crystals. Careful sur-
face treatments of the single crystals and an improved
stability of the measurements enabled us to observe the
intrinsic behavior. We have confirmed the previously re-
ported results, namely, a considerable amount of volume
fractions for the superconductivity and the upper critical
field Bc2 curve under a field along the c axis. In the normal
state, the temperature dependence of the magnetization
exhibits a divergent behavior down to Tc in a low mag-
netic field of 22 mT, which is consistent with the zero-field
quantum criticality as previously reported [7]. In addition,
the measurements have revealed a power law behavior of
dM/dT ∝ T 3/2, which have a slightly larger exponent in
comparison with the previous results.
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2 Experimental Single crystals of β-YbAlB4 were
prepared using aluminum self flux method [12]. Most of
single crystals form in a thin plate shape. Typical size used
for the measurements is ∼ 0.5 mm2 ‖ ab-plane×0.01 mm
‖ c-axis and has a smaller surface area along the plane than
the one in the previous work [8]. Surface impurities were
removed carefully with dilute nitric acid before the mea-
surements. High-purity single crystals with RRR > 200 (∼
30 pieces, 0.82 mg) were stacked using silver paste. This
assembly was inserted in a pick-up coil and cooled by a
heat link made of silver foils. The superconducting magnet
was covered with a Nb superconducting shield and a µ-
metal tube in order to eliminate the earth’s magnetic field.
The pick-up and primary lines covered with Pb supercon-
ducting tubes are connected to a multi-purpose dc-SQUID
probe located in a bath of liquid 4He at 4.2 K. The mag-
netization M and ac-susceptibility χac were obtained as
dc and ac signals of the SQUID output. For the χac mea-
surement, an ac field of 0.1 µT and the frequency f = 16
Hz is applied along the c-axis. The residual magnetic field
of 1.1 µT was determined by field cooled sequences of M
measurements and adjusted by applying an excess mag-
netic field. The absolute values of M were calibrated by
comparing the data with those measured by a commercial
SQUID magnetometer above 2.0 K.
3 Results and discussion First, we present the tem-
perature dependence of the dc-susceptibility M/H mea-
sured under a small field along the c-axis (Fig.1). Clear
diamagnetic signals are observed in the susceptibility ob-
tained through the field-cooled (FC) and the zero-field-
cooled (ZFC) sequences. The signals are ∼ 1/3 of the pre-
vious results because of the smaller demagnetization effect
due to the smaller cross section of the crystals normal to
the field. Thus, the volume fractions are estimated to be of
the same order as the previous results, i.e., 6% and 40% for
the FC and ZFC respectively. The considerable amount of
volume fractions indicates the bulk superconductivity [8].
The temperature dependence of χac under fields along
the c-axis is shown in Fig. 2. The data shows clear diamag-
netic signals and does not saturate down to the lowest T of
25 mK even at B = 0. With increasing B, Tc shifts to a
lower T and the diamagnetic signals become smaller and
broader. In order to determine Tc without an ambiguity, we
take a temperature derivative of the data, i.e., dχac/dT vs
T as shown in the inset of Fig. 2. With decreasing T across
Tc, dχac/dT data starts to deviate from a high T value and
shows a step like drop with a finite slope. The higher and
lower edge temperatures of the step, which can be defined
as intersection points of the solid lines in the inset of Fig.
2, are named T hc and T lc , respectively. We define Tmc as a
mid point of these two temperatures.
Figure 3 presents the Bc2 curve obtained by the χac
measurements. Here we plot Tmc by filled symbols, and
T hc and T lc by the edges of the error bars. At T < 45 mK,
we obtained the data by field sweep and determined Tc by
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Figure 1 Temperature dependence of the field-cooled (FC)
and zero-field-cooled data (ZFC) of the dc-susceptibility
M/H under a field of 2.0 µT along the c-axis.
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Figure 2 Temperature dependence of the ac-susceptibility
χac under fields along the c-axis. The applied dc fields are
0, 0.31, 0.62, 0.93, 1.2, 1.6, 1.9, 2.5, 3.7, 5.0, 9.3 mT from
bottom to top. Inset: dχac/dT vs T under B = 1.9 mT.
Three temperatures are defined by the points of intersec-
tions of the solid lines and their mid-point (open circle)(see
text).
taking the field derivative of the susceptibility, adopting
similar definitions to the case of the temperature sweep.
The Bc2 curve is consistent with the previous results of
the resistivity measurements [8]. In Fig. 3, we plot Tc
by the resistivity measurements namely, the mid point by
open triangles, the onset and zero resistivity temperatures
by the edge of the error bars. Note that the mid points
of resistivity agree well with T hc . The zero temperature
value of an orbital critical field can be evaluated by using
the Werthamer-Helfand-Hohenberg model as Borb
c2
(0) =
0.727(dBc2/dT )Tc. Because Bc2 curve is convex below
2 mT possibly due to a distribution of Tc, we estimate
dBc2/dT at the field between 2 and 10 mT for Tmc and
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Figure 3 Temperature dependence of the upper critical
field Bc2 along the c-axis determined by the χac measure-
ments. Open triangles are the data obtained by the previ-
ous resistivity measurements [8]. Solid and broken lines
are guides to the eye to show the field dependence of T lc ,
Tmc and T hc . The dot-dashed lines define dBc2/dT for Tmc
and T hc (see text).
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Figure 4 Temperature dependence of the dc-susceptibility
M/H under fields along the c-axis. Inset: −dM/dT vs T
atB = 22 mT. The dot-dashed line and the solid lines repre-
sent T−3/2 and T−4/3 power law behaviors, respectively.
T hc and obtain Borbc2 (0) = 53 mT and 80 mT for Tmc and
T hc , respectively. The observed Bc2(0) ∼ 25 mT is much
smaller than the estimates for Borb
c2
(0) and the Pauli limit
(∼ 150 mT). This is most likely due to the paramagnetic
depairing effect enhanced by the large Ising magnetization
along the c axis [8].
Temperature dependence of the dc-susceptibilityM/H
under fields along the c-axis are shown in Fig. 4. The data
above∼ 2 K show no field dependence below B = 50 mT.
Under the field of 22 mT, the superconducting signal be-
comes significantly suppressed owing to the suppression
of Tc down to ∼ 28 mK. On the other hand, the divergent
increase of M in the normal state above Tc is consistent
with the previous results, indicating the quantum critical-
ity of the system [7]. The inset of Fig. 4 shows the tem-
perature derivative of M(T ), dM/dT . It exhibits a power
law dependence of T−3/2 rather than T−4/3, which is ex-
pected from the previously reported asymptotic behavior,
M ∝ T−1/3. However, the present data should represent
the intrinsic behavior, because (1) only high quality single
crystals were used, (2) a more detailed care was taken in
the etching process to remove the possible sample surface
impurities, and (3) the current data were obtained without
a drift of SQUID output nor a sizable background signal
[8]. Note that the higher T data obtained by a commer-
cial SQUID magnetometer are always consistent with each
other after the careful surface treatment. In addition, in the
current measurements, the stability of the measurements
was improved and the error coming from the drift and the
background are carefully examined.
To conclude, our low temperature magnetization mea-
surements have revealed the asymptotic power law depen-
dence dM/dT ∝ T−3/2 as an intrinsic low T behavior. In
addition, we have confirmed a considerable amount of vol-
ume fractions of the superconductivity and the Bc2 curve
under a field along the c-axis which are all consistent with
the previous results [8]. The detailed field dependence of
the magnetization to examine the nature of the quantum
criticality and higher T data for the precise crystal field
analyses will be reported elsewhere [13].
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